Juvenile myelomonocytic leukemia (JMML) is an aggressive clonal disorder of hematopoietic precursor cells of early childhood characterized by excessive proliferation of myeloid cells infiltrating both hematopoietic and non-hematopoietic tissues. 1 Mutations constitutively activating the Ras-signaling pathway in genes such as KRAS, NRAS, PTPN11 or NF1 play a substantial factor in pathogenesis of this myeloproliferative disorder (reviewed in Lauchle et al. 2 and Niemeyer and Kratz 3 ). Ras controls the activation of pivotal downstream effector pathways by switching between active guanosine triphosphate (GTP)-bound and inactive guanosine diphosphate (GDP)-bound conformations. Highly conserved regions within Ras that are crucial for the function of Ras as a molecular switch include the phosphate-binding (P) loop (codons 11-16), the switch I (codons 33-37) and switch II regions (codons 59-66). 4 Cancer-associated RAS mutations typically introduce amino-acid substitutions at positions Gly12, Gly13 or Gln61. Mutant Ras proteins are locked in the active state due to a defective intrinsic GTPase activity and resistance to GTPase activating proteins (GAPs).
We report on two patients with JMML in whom we have detected a novel recurrent in frame insertion of a GGT-triplet resulting in an additional glycine residue in the P loop of K-Ras. We obtained tissue samples (bone marrow, peripheral blood and buccal swab) from two JMML patients. JMML was diagnosed based on clinical, hematological and cytogenetic criteria. 5 Informed consent was obtained from the patients' parents. DNA was extracted and mutation analysis of the KRAS gene was performed by denaturating high-performance liquid chromatography (DHPLC) of purified PCR products as recently described. 6 Specimens showing abnormal DHPLC profiles were amplified and sequenced using standard methods. 6 Patient one was a 2-month-old infant who presented with a perianal abscess and splenomegaly. The peripheral blood count showed leukocytosis of 100 G/l, with 11% blasts and 31% monocytes, hemoglobin 100 g/l and platelet count 110 G/l. Bone marrow aspirate was hypercellular with 7% blast forms. Cytogenetics uncovered loss of chromosome 7 in 96% of the metaphase cells. Currently, the patient is awaiting hematopoietic stem cell transplantation (HSCT). Patient two, a 3-year-old boy, presented with malaise, fever and respiratory distress. He had lymphadenopathy, mild splenomegaly and hepatomegaly. Peripheral blood counts demonstrated leukocytosis with 18 G/l, 3% blast forms, hemoglobin 50 g/l and platelets 82 G/l. Bone marrow aspirates showed increased cellularity with 8% blast forms. Cytogenetic analysis revealed 45, XY, À7 in 96% of bone marrow cells. The patient received a nonidentical related transplant with a single mismatch in the DRB1 locus from his mother. He remains in clinical and hematological remission 5 years later.
Mutation analysis revealed a novel heterozygous in-frame insertion in KRAS, c.36_37insGGT, in the patients' leukaemia cells but not in buccal cells (Figure 1 ). This insertion predicts a p.G12_G13insG mutation with an additional glycine between Gly12 and Gly13 of the P loop. Others have previously described and biochemically characterized another insertion mutation in the P loop of K-Ras, p.G10_G11insG, identified in a child with acute myeloid leukemia. 7 These investigators elegantly showed that expression of the mutant protein in NIH 3T3 cells caused cellular transformation, and expression in COS cells activated the Ras-mitogen-activated protein kinase signaling pathway. In COS cells this mutant accumulated in the active GTP state. Biochemical analysis showed an impaired intrinsic GTP hydrolysis and resistance to GAPs. 7 Similar insertion mutations of Ras with three extra amino acids inserted into the P loop have been studied by Klockow et al. 8 These mutants show a strongly attenuated binding affinity for nucleotides, leading to a preference for GTP binding. Both the intrinsic as well as the GAP-mediated GTP hydrolysis were severely impaired. Microinjection of these mutants into PC12 cells induced neurite outgrowth. Interestingly, their ability to stimulate the MAP kinase pathway as measured by a reporter gene assay in RK13 cells was much higher than that of the Figure 1 Heterozygous GGT triplet insertion between codon 12 and 13 of KRAS. (a) KRAS mutation analysis of DNA from both patients' JMML bone marrow (BM) cells showed an abnormal DHPLC pattern (left) while analysis of DNA from buccal cells (BC) showed a normal wild-type pattern (right). (b) Sequence analysis revealed a heterozygous insertion of three bases GGT predicting an extra glycine between residues Gly12 and Gly13 of the protein.
Letters to the Editor normal oncogenic mutant p.G12V. This characteristic was attributed to an increased stimulation of c-Raf1 kinase activity by the insertional Ras mutant. We did not functionally characterize the novel mutation described in this report. However, the observation of these mutants in two JMML samples together with biochemical experiments described above to characterize similar mutations suggests that K-Ras p.G12_G13insG acts as an activating mutation contributing to malignant transformation. Notably, both patients presented here had a monosomy 7 in their leukemic cells. Possibly, this novel lesion cooperates with monosomy 7 during leukemogenesis.
Note added in proof
After the acceptance of this letter the authors became aware of one previous paper, in which this alteration has been reported in a rectum carcinoma specimen ( The Philadelphia (Ph) chromosome is present in more than 95% cases of chronic myeloid leukemia (CML) and encodes the Bcr-Abl oncoprotein with constitutive tyrosine kinase activity, which is believed to be crucial in cell transformation. Only rare cases of CML are truly negative for both the Ph chromosome and BCR-ABL1 rearrangement. 1 The presence of a late-appearing Ph chromosome in patients with acute myelogenous leukemia (AML) represents a very infrequent occurrence.
2 Therapy with imatinib mesylate (Gleevec) renders sustained hematologic responses in 95% of patients in early chronic phase CML and 31-69% in advanced phase CML.
3 AMN107 is a phenylamino-pyrimidine derivative 20 to 30-fold more potent as an Abl inhibitor than imatinib, which renders hematologic response rates ranging from 44 to 89% and cytogenetic responses ranging from 22% in blast phase to 29% in accelerated phase and 50% in chronic phase (Kantarjian et al. Blood 2005; 106: 15a, abstract).
We report a patient with AML who developed a novel t(3;21)(p21;q22) during the course of therapy. Shortly thereafter, he exhibited a late-appearing Ph chromosome. Therapy with the tyrosine kinase inhibitors imatinib mesylate and AMN107 was completely unsuccessful.
A 62-year-old man with history of leukopoenia since 1990 underwent a bone marrow aspiration and biopsy in February 2002 owing to worsening pancytopenia. A diagnosis of myelodysplastic syndrome (MDS) with a normal diploid male karyotype was made and the patient was initially observed. In August 2002, he presented to an outside hospital with a white blood cell (WBC) count of 75 Â 10 9 /l and 80% myeloid blasts in the bone marrow. A diagnosis of AML M2 in the French-American-British (FAB) classification was established. Cytogenetic study showed again a normal diploid male karyotype. He received induction therapy with cytarabine hydrochloride (ara-C) and idarubicin on a 7 þ 3 regimen (ara-C and idarubicin), and achieved a complete remission. Consolidation treatment with one course of high-dose ara-C (HDAC) was given, after which the patient remained pancytopenic and no further therapy was provided. A bone marrow aspirate 2 months later showed tri-lineage dysplasia with 3% blasts, and a normal diploid male karyotype.
The patient presented to the University of Texas M D Anderson Cancer Center (MDACC) in April 2003 seeking treatment options for persistent pancytopenia. Observation was recommended because he was not transfusion dependent and had no signs and symptoms of disease. In August 2004, the patient was seen again at MDACC and was found to have relapsed disease. A bone marrow aspirate demonstrated 28% blasts and a normal diploid male karyotype. Imunophenotypic
